We investigated the precipitation of carbonates by Nesterenkonia halobia in a liquid medium at dierent concentrations of salts and incubation times. N. halobia only produced crystals at salt concentrations of 2.5%, 7.5% and 15%. At 20% salt concentration no crystal formation was observed. Calcite, aragonite and dolomite were precipitated in dierent quantities, depending on the salinity of the medium and incubation time. Scanning and transmission electron microscopy, microanalysis and electron diraction were all used to study in detail the morphology, composition and internal structure of the bioliths. We propose a mechanism for biolith formation involving both biological and inorganic processes. Ó
Introduction
Since the beginning of the century it has been known that bacteria are involved in the formation of carbonates. Carbonate precipitation has been studied both in vitro and in natural habitats and it has been suggested that this precipitation could be related to the formation of marine calcareous skeletons, carbonate sediments and deposits of carbonates in soils (Doetsch and Cook, 1973; Krumbein, 1979) . Recently, the presence of carbonates in the cracks in a meteorite from Mars has created great controversy over the possible relationship of these carbonates to bacterial activity and the subsequent hypothesis of there existing or having existed life on the planet Mars (McKay et al., 1996) . Dierent mechanisms of carbonate formation by bacteria have been described (Ehrlich, 1996) . Many possible roles, both active and passive, have been suggested for the microorganisms in this process, including alteration of seawater chemistry as a result of the microbial activity, concentration of the seawater component by uptake and binding by the bacteria, etc. (Novitsky, 1981) .
Carbonate precipitation is in¯uenced by external factors, among which the concentration of salts within the medium may be the most important. Moderately halophilic bacteria can grow in a wide range of osmotic concentrations which makes them very useful for studying the eect of salt concentration on their capacity to cause mineral precipitation. Some moderately halophilic bacteria have been reported to be capable of forming calcium carbonate precipitates (Ferrer et al., 1988a,b; Rivadeneyra et al., 1991 Rivadeneyra et al., , 1993 Rivadeneyra et al., , 1994 . The results of these investigations showed that certain Chemosphere 41 (2000) 617±624 dierences exist between the bacteria, especially in terms of the mineralogy of the bioliths.
As part of a wider study of the capacity of different strains of moderately halophilic bacteria to precipitate calcium carbonate, we studied carbonate formation by Nesterenkonia halobia, a moderately halophilic Gram-positive nonmotile coccus, described originally as Micrococcus halobius by Onishi and Kamekura (1972) .
Materials and methods
2.1. Microorganisms and culture media N. halobia strain CCM 2591 was used in this study, grown in MH liquid medium of the following composition (wt/vol): 1% yeast extract (Difco); 0.5% proteasepeptone n°. 3 (Difco); 0.1% glucose; supplemented with a balanced mixture of sea salts (Rodr õguez-Valera et al., 1981) to ®nal concentrations of 2.5%, 7.5%, 15% and 20% (wt/vol). The medium was supplemented with 0.4% calcium acetate (wt/vol), and the pH was adjusted to 7.2 with 1 M KOH.
Crystal formation
N. halobia (CCM 2591) was inoculated into¯asks containing 100 ml of culture medium at dierent salt concentrations, and incubated at 32°C. Four¯asks for each concentration were inoculated. After 35 and 70 days of incubation, respectively, crystals were collected from the liquid medium, transferred to distilled water and washed free of impurities. The washed crystals were air-dried at 37°C. For each incubation time the crystals of two samples for each concentration were collected. In all experiments, controls consisting of uninoculated culture media were included.
Analysis of crystals
The puri®ed crystals were examined by X-ray diffraction (XRD powder diagrams) with Philips PW 1140 and Rigaku±Mini¯ex Ca 2005 diractometers equipped with a Ni ®lter and a Cu-Ka radiation source, and identi®ed according to JCPDS and ASTM, 1974, 1981 criteria. The diraction peak corresponding to planes 104 (d % 0.3 nm) was used to determine approximate Mg content of calcite (Goldsmith et al., 1961) . Fisher quartz was added to the samples as a standard to calibrate the diractometers. Gold-coated crystals were observed in a Hitachi S-510 scanning electron microscope (SEM) for morphological analysis.
Transmission electron microscope (TEM) observations were carried out using a Philips CM20 High resolution TEM (HRTEM). The samples were embedded in an epoxy resin (Epon) and cut to a thickness of 50 nm using an ultramicrotome (Raichert Ultracut-S) with a diamond blade. The sections were mounted on a copper grid of 300 mesh with Formvar and metallized with carbon. Ca and Mg contents of the crystals were also determined by microanalysis (energy dispersive X-ray¯uorescence, EDX) in an EDAX microanalyzer coupled to a Philips CM20 HRTEM. Experimental conditions were as follows: pin-point analysis, 200 Kv, spot size 7 nm approximately, tilt angle 20°and 200 s. Electron diraction patterns were obtained in selected area electron diraction (SAED) mode with a 10 lm aperture, to check the mineralogical nature of the crystals.
Results and discussion
N. halobia precipitated carbonates at salt concentrations of 2.5%, 7.5% and 15%. The quantity and biolith size of the precipitates decrease with increasing salt concentration. No crystal formation was observed at 20% salt concentration. The quantity of biomineralized deposits increased with increasing incubation time, although after more than 35±40 days this increase was very small. N. halobia required a longer period than other halophilic bacteria for precipitation and the quantity of crystals formed was lower. No crystal formation was observed in the control cultures. Billy (1980) found that an excess of salts had a negative in¯uence on calcium carbonate precipitation by bacteria. Rivadeneyra et al. (1991 Rivadeneyra et al. ( ), (1985 showed that magnesium ions have an inhibitory eect on carbonate precipitation by bacteria. The concentration of magnesium ions increases in the culture medium with increasing salt concentration. This could explain the less quantity and the smaller size of biolith during increasing salt concentration of the culture medium and the absence of precipitation at 20%.
The inhibitory eect of magnesium ions on carbonate precipitation is considerably weaker in moderately halophilic bacteria than in non-halophilic bacteria (Ferrer et al., 1988a; Rivadeneyra et al., 1994) . In our study, the slight dierence in the amount of crystal formation between 2.5% and 7.5% salt concentration and the fact that there was still precipitation at 15% tend to con®rm the previous observation.
At 2.5% salt concentration the carbonate precipitated was exclusively magnesium calcite with little Mg in the formula (Table 1) . At 7.5% the most abundant mineral was aragonite (>80%), followed by magnesium calcite. At 15% nearly all precipitation was of aragonite with traces or very small quantities of dolomite. Therefore, with increasing salinity there was an increase in aragonite precipitation and a parallel decrease in that of magnesium calcite. Increasing salinity also resulted in an increase in the quantities of magnesium by formula in the magnesium calcites, eventually leading to the formation of the dolomite (Ca 0X5 Mg 0X5 CO 3 ).
Increasing incubation time had a similar eect to that of increasing salt concentration in that the quantities of Mg in the formula of the magnesium calcites tended to increase slightly; and at 15% salt concentration, there was an increase in the quantity of dolomite. However, the quantities of aragonite tended to decrease with increasing incubation time. Ferrer et al. (1988a) suggest that the ionic strength of the medium aects the dierent groups of moderately halophilic microorganisms in a dierent way. Our results con®rm these observations, since, although magnesium calcite, aragonite and dolomite are also precipitated by other bacteria under similar conditions, the percentages are very dierent. Furthermore, at high salt concentrations and in liquid media, other bacteria precipitate monohydrocalcite, a mineral which was not detected among those precipitated by N. halobia. This could be regarded as further proof that bacteria play an active part in the precipitation of carbonates as indicated previously (Morita, 1980; Ferrer et al., 1988a,b; Rivadeneyra et al., 1991 Rivadeneyra et al., , 1993 Rivadeneyra et al., , 1994 .
Other authors who have studied the precipitation of calcium carbonate by inorganic processes have shown that calcite formation is inhibited and aragonite formation increases with increasing Mg concentration (Cailleau et al., 1977; Kitano et al., 1979; Sayoko and Kitano, 1985) . This is the tendency shown by the biominerals precipitated by N. halobia (Table 1) and dierentiates it from other moderately halophilic bacteria investigated in liquid media (Rivadeneyra et al., 1993 (Rivadeneyra et al., , 1997 , where the opposite occurs. Carbonate precipitation by N. halobia would thus be more similar to precipitation by inorganic processes.
Gonz alez (1989) considers that one of the principal factors to explain the increase in Mg in magnesium calcites in natural aqueous media is the Mg/Ca ratio in solution. This could explain our results with regard to the increase in Mg in the formulae of the magnesium calcites with increasing salt concentration of the culture medium (Table 1) .
N. halobia formed pseudospherical and hemispherical bioliths (SEM observations, Figs. 1 and 2) , either isolated or forming groups, with similar morphologies to those formed by other moderately halophilic bacteria mentioned previously. Some bioliths exhibited a porous surface with a characteristic geometrical pattern of pores ( Fig. 1c and d) . Other bioliths appeared with a coating of carbonates with dierent degrees of compactness. (Fig. 2a and b) . Biolith sections observed with TEM at lower magni®cation (<50 000´) revealed the coating to be formed of acicular microcrystals of 0.5±0.8 lm in length, which are oriented perpendicularly to the surface of the biolith (Fig. 3a) . Interesting morphological features such as the presence of calci®ed bacterial bodies, adhering to the coatings of carbonates, were observed (Figs. 1b, 2c,d) .
TEM observation at higher magni®cation (>50 000´) showed that the internal zones of biolites consist basically of two phases: (1) nanocrystals of 10±50 nm with variable crystallographic orientation, and (2) matrix with a smaller crystal size surrounding the nanocrystals 
( Fig. 3b) . Microcrystals of greater crystallinity and size (0.1±1 lm) were also observed in the interior of the matrix, in®lling cavities (Fig. 3b) . Their pseudohexagonal crystalline morphology (Fig. 3c ) and the lattice parameters (b 0 and c 0 ) measured in the orthorombical SAED pattern (Fig. 3d) , are characteristical of aragonite. Table 2 shows the results of the elemental analysis by EDX. The greatest number of analyses were carried out on the samples from 7.5% salinity due to their greater morphological and compositional heterogeneity. The biominerals studied were composed of calcium and smaller quantities of magnesium, con®rming that the type of biomineralization process is calci®cation.
Using EDX, the presence of aragonite was demonstrated by the low contents of magnesium, since this mineral contains very low proportions of this element, even in the case of aragonites of biological origin (Speer, 1983) . Very low contents of magnesium (<0.02) were found in the measurement H (Table 2) , corresponding to bioliths from 15% salinity, formed essentially of aragonite (Table 1, DRX) . The crystals in the internal cavities, whose crystalline morphology and SAED pattern indicated an aragonitic nature, also proved to have very low magnesium contents (Ref. E, Table 2 ).
The formula of the magnesium calcites, deduced from the EDX results, coincided with that obtained by DRX (Table 1) in spite of the DRX results being mean values for the whole sample, whereas those of EDX were pin-point measurements of a limited number of cases. The correspondence between the two formulae was particularly good in the bioliths which only contained magnesium calcite such as those from 2.5% salinity and 35 days incubation (Ref . A, Table 2 ; DRX formula Ca 0X950 Mg 0X050 CO 3 ; EDX formula Ca 0X934 Mg 0X066 CO 3 ).
The external coatings of carbonate, both acicular and compact ( Fig. 2a and b) , showed high levels of magnesium and were therefore formed of magnesium calcite (Table 2 , Refs. C, F, G). In every case this carbonate had a higher magnesium content than the internal zones of the bioliths. These dierences suggest that the resulting medium becomes increasingly richer in magnesium as biomineralization proceeds. This hypothesis is also in agreement with the increase in magnesium in the formula of the magnesium calcites with increasing incubation time, observed during the study.
Bacteria can serve as a nucleus of carbonate precipitation upon adsorbing Ca 2 and Mg 2 cations onto the cell surface (Morita, 1980; Green®eld, 1963) . Other authors (Beveridge and Fyfe, 1985; Ferris et al., 1991) state that the molecular components of the bacterial envelope can bind a signi®cant amount of soluble metal cations. Rivadeneyra et al. (1996 Rivadeneyra et al. ( , 1998 suggest that the process of carbonate crystals formation by Deleya halophila and Halomonas eurihalina involves the adsorption of Ca 2 and Mg 2 and the production of CO 2 and ammonium ions during the metabolization of the nitrogenated organic materials. This could lead to the creation of a local supersaturation of carbonates which induces their precipitation. A similar process could occur in N. Halobia, since calci®ed bacterial bodies were oberved in SEM photographs and CO 2 and ammonium ions are produced during the metabolization of the nitrogenated organic materials. However, we think that chemical mechanisms must also be involved, since pseudoidiomorphic twined crystals of aragonite in cavities of the bioliths and acicular microcrystal in some of the biolite coatings were observed in TEM. Moreover, this would explain the mineralogical results for the bioliths precipitated by this bacteria, which exhibit trends that are more similar to those of inorganic processes than to those of other moderately halophilic bacteria. Lowenstam and Weiner (1989) de®ned biologicallyinduced biomineralization as those processes of formation of minerals by organisms which take place in an open medium without the participation of macromolecules or speci®c cells. In terms of this de®nition we believe that the process observed in our study could be described as being induced.
